Pestiviruses cause important diseases of livestock such as bovine viral diarrhea in cattle, classical swine fever in pigs, and border disease in sheep. The genus Pestivirus is classified along with the genus Hepacivirus and Flavivirus in the family Flaviviridae. The members of the family display contrasting host range specificity (31) . Flaviviruses multiply in arthropods and a large number of vertebrate species; pestiviruses infect clovenhoofed animals, and hepaciviruses infect humans naturally and chimpanzees experimentally. Two biotypes of pestiviruses exist: those that result in lysis of in vitro infected cells, named cytopathogenic (CP), and those that do not, termed noncytopathogenic (NCP) (31) .
Bovine viral diarrhea virus (BVDV) is a major pathogen of cattle. In the United States, most estimations of losses caused by BVDV at the national level range between $10 and $40 million per million calves (21) . Losses are projected in reduced milk production, reduced reproductive performance, growth retardation, and increased mortality among young stock (21) . Also, the classical swine fever virus (CSFV) can be responsible for major economic losses, especially in countries with an industrialized pig production (14) . Regardless of the availability of vaccines against BVDV and CSFV and the implementation of elaborate eradication or control programs (20, 44) , both viruses remain an agronomical burden. An alternative approach to combating BVDV and CSFV infections could be the use of antiviral agents that specifically inhibit the replication of the virus. Although likely not suited to treat large herds, it may be important to have selective antipestivirus compounds on hand. For example, in case of an outbreak of CSFV, an option could be to prophylactically treat pigs that live in farms located in close proximity to the infected farm with an antipestivirus drug. Antiviral treatment may result in almost immediate protection against infection (protection following vaccination is obtained only 10 to 14 days later) and hence prevent transmission of the virus (and avoid large-scale culling of healthy animals). In the future, as pestivirus eradication programs reach their final stages, it will be important to have methods to control the spread of reintroduced viruses. Other possible uses for antipestivirus drugs could be (i) to treat valuable animals in zoologic collections, (ii) to treat expensive animals in breeding programs and in vitro embryo production (45) , and (iii) to cure established cell lines from contaminating pestiviruses (13, 19) .
Recently, a number of selective anti-BVDV compounds have been reported. These include polymerase inhibitors, e.g., N-propyl-N-[2-(2H-1,2,4-triazino [5,6-b] indol-3-ylthio)ethyl]-1-propanamine (VP32947) (2), a thiazole urea derivative (24) , a cyclic urea derivative (47) , and inhibitors of the NS3/NS4A protease, for example, a boron-modified peptidyl mimetic (7) . Aromatic cationic molecules were also reported to inhibit BVDV replication, although their mechanism of action remains to be elucidated (18) . Other BVDV inhibitors target cellular enzymes such as ␣-glucosidase (4, 12, 58) and inosinate dehydrogenase (46) .
BVDV is considered to be a valuable surrogate virus for hepatitis C virus (HCV) (6) . HCV is a major cause of cirrhosis and primary hepatocellular carcinoma and the main reason for liver transplantations among adults in western countries (48) . The current standard therapy for hepatitis C, i.e., the combination of pegylated alpha interferon and the nucleoside analogue ribavirin, is effective in only about 50 to 60% of patients who suffer from chronic HCV infection and is associated with important side effects (28) . Consequently, there is an urgent need for highly effective and selective inhibitors of HCV replication.
In some aspects of viral replication, BVDV is more advantageous in comparison to the currently used HCV replicon systems (3, 17, 33, 39) . The latter do not undergo a complete replication cycle; hence, early stages (attachment, entry, and uncoating) or late stages (virion assembly and release) of the viral replication cycle cannot be studied in the HCV replicon system. However, very recently, robust HCV cell culture systems have been reported (32, 51, 56 ). Yet, insight into the mechanism of antiviral activity of antipestivirus compounds may provide valuable information for the design of novel antiviral strategies against HCV (6) .
Here, we report on the activity and mechanism of action of a novel, potent, and highly selective inhibitor of the replication of pestiviruses, 5-[(4-bromophenyl)methyl]-2-phenyl-5H-imidazo [4,5-c] pyridine (BPIP). Implications for the development of HCV inhibitors are discussed.
MATERIALS AND METHODS
Compounds. The synthesis of BPIP (Fig. 1 ) will be reported elsewhere (J. Paeshuyse, J. Neyts, P. Herdewijn, E. De Clercy, and G. Puerstinger, unpublished data). VP32947 was synthesized by standard methods. 3Ј-Deoxyguanosine-5Ј-triphosphate (3Ј-dGTP), 2Ј-C-methylguanosine-5Ј-triphosphate (2Ј-C-Me-GTP), and 2Ј-O-methylguanosine-5Јtriphosphate (2Ј-O-Me-GTP) were purchased from Trilink (San Diego, CA). Solubility of BPIP was determined spectrophotometrically at an optical density at 300 nm (OD 300 ) in minimal essential medium (MEM; Gibco, Merelbeke, Belgium) containing 5% heat-inactivated fetal bovine serum (FBS; Integro, Zaandam, The Netherlands) and in RNA-dependent RNA polymerase (RdRp) buffer (50 Cells and viruses. Madin-Darby bovine kidney (MDBK) cells were grown in MEM (Gibco) supplemented with 5% heat-inactivated FBS (Integro). FBS was shown to be free of BVDV type 1 (BVDV-1) and BVDV-2 by reverse transcription (RT)-PCR (30) . Porcine kidney cells (PK15) were grown in MEM supplemented with 10% heat-inactivated FBS. First-passage BVDV strain NADL stock was generated from pNADLp15a as previously described (50) . The CSFV strain Alfort was obtained from the Institut für Virologie, Hanover, Germany. BVDV-1 CP strain PE515 was obtained from J. M. Aynaud (INRA, Thiverval, France), and BVDV-1 NCP strain Marloie, BVDV-1 NCP strain L2565, and BVDV-2 CP strain 3435 are field isolates obtained from the Veterinary and Agrochemical Research Center (Ukkel, Belgium). Border disease virus (BDV) NCP strain Aveyron was obtained from E. Thiry, University of Liège, Liège, Belgium. Human hepatoma cells (Huh 7) containing subgenomic HCV replicons I 389 luc-ubi-neo/NS3-3Ј/5.1 (Huh 5-2) were kindly provided by R. Bartenschlager (University of Heidelberg, Heidelberg, Germany) and were used to assess activity against HCV. Huh 5-2 cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% heat-inactivated FBS (Integro), 1ϫ nonessential amino acids (Gibco), 100 IU/ml penicillin (Gibco), 100 g/ml streptomycin (Gibco), and 250 g/ml Geneticin (Gibco). GB virus strain B (GBV-B) was propagated in primary tamarin (Saguinus mystax) hepatocytes (27) . Yellow fever virus (YFV; strain 17D) was the vaccine strain Stamaril from Aventis Pasteur S.A.
Anti-BVDV assay for CP strains (MTS). MDBK cells were seeded at a density of 5 ϫ 10 3 cells per well in 96-well cell culture plates (confluence, 10 to 15%) in MEM-FBS. Following 24 h of incubation at 37°C and 5% CO 2 , medium was removed and fivefold serial dilutions of the test compounds were added in a total volume of 100 l, after which the CP BVDV inoculum (multiplicity of infection ϭ 2) was added to each well. This inoculum resulted in a greater than 90% destruction of the cell monolayer after 3 days of incubation at 37°C. Uninfected cells and cells receiving virus without compound were included in each assay plate. After 5 days, medium was removed, and 90 l of MEM-FBS supplemented with 10 l of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium/phenazinemethosulfate (MTS/PMS) solution (Promega, Leiden, The Netherlands) was added to each well. Following a 2-h incubation period at 37°C, the optical density of each well was read at 490 nm in a microplate reader (signal to noise ratio ϭ 5). 50 ) was defined as the concentration of compound that offered 50% protection of the cells against virus-induced cytopathic effect (CPE) and was calculated using logarithmic interpolation.
Anti-BVDV assay for NCP strains (enzyme-linked immunosorbent assay). The antiviral assay was performed as described above, but evaluation of viral replication was done by means of an enzyme-linked immunosorbent assay method. At 3 days postinfection, cell culture fluid was removed and plates were washed once with phosphate-buffered saline (PBS) and dried for 1 h at 37°C. Next, plates were frozen for 20 min at Ϫ80°C, fixed for 10 min in 4% formaldehyde, and washed twice with PBS, after which they were incubated with an anti-BVDV polyclonal serum (diluted 200-fold in 5% horse serum [Gibco] , 500 mM NaCl, 1% Tween 80) for 90 min at 37°C. Plates were then washed three times with wash buffer (150 mM NaCl, 1% Tween 80), and a 500-fold dilution of anti-bovine-coupled peroxidase antibody (Sigma) in dilution buffer was added for 1 h at 37°C. Following three wash steps, plates were incubated with detection buffer (4 mg 3-amino-9-ethylcarbazole dissolved in 1 ml N,N-dimethylformamide and 14 ml of 0.1 M acetate buffer [pH 5.2] containing 150 l of 3% H 2 O 2 ) for 15 min until a dark red color appeared. EC 50 values were calculated using the method of .
Anti-CSFV and BDV assays. Antiviral assays with CSFV and BDV were performed in a similar manner as the antiviral assay with the BVDV NCP strains. For CSFV, PK15 cells (ATCC CCL-33) were used. Infected cells were stained with a polyclonal anti-CSFV serum conjugated with biotin, and streptavidin-conjugated horseradish peroxidase was used as secondary antibody. For BDV, MDBK cells were used. Infected cells were stained using an anti-BDV polyclonal serum (bovine origin) as primary antibody and an anti-bovine-coupled peroxidase antibody as secondary antibody. Plates were stained and read as described above.
Anti-GBV-B assay. Antiviral assays of GBV-B were essentially performed as described previously (27) .
Anti-HCV assay. Huh 5-2 cells (3; Paeshuyse et al., unpublished) were seeded at a density of 5 ϫ 10 3 cells per well (confluence, 10 to 15%) in a white view 96-well plate (Perkin-Elmer, Boston, Mass.) in complete DMEM supplemented with 250 g/ml G418. Following a 24-h incubation at 37°C and 5% CO 2 , medium was removed and threefold serial dilutions of compound in complete DMEM were added in a total volume of 100 l. After an incubation period of 4 days at 37°C, cell culture fluid was removed and luciferase activity was assessed by means of the Steady-Glo luciferase assay system (Promega) and a Luminoskan Ascent (Thermo, Vantaa, Finland). The EC 50 was defined as the concentration of compound that reduced the luciferase signal with 50% and was calculated as described for BVDV. 50 ) was defined as the concentration that inhibited the proliferation of exponentially growing cells by 50% and was calculated using logarithmic interpolation.
Time of drug addition studies. MDBK cells (6.5 ϫ 10 5 cells/well; confluence, 10 to 15%) were seeded in a six-well culture plate (Asahi Technoglass Corporation, Tokyo, Japan). Cultures were inoculated with BVDV (strain NADL; multiplicity of infection ϭ 2). The inoculum was removed following a 1-h incubation period, and cells were washed three times with prewarmed PBS. To obtain precise information on the replication kinetics of BVDV in untreated cultures, supernatant and cells were harvested every 2 h and samples were stored at Ϫ80°C until further use. In a parallel set of cultures, the test compounds (at 15 M) were added at different time points after infection. Cultures were further incubated until 24 h postinfection, at which time cell culture supernatant was collected and stored at Ϫ80°C until further use.
Virus yield assay. MDBK cells were seeded at a density of 5 ϫ 10 3 cells per well of a 96-well plate (confluence, 10 to 15%) in MEM-FBS and were, 24 h later, infected with 10-fold serial dilutions of culture supernatant. After 4 days, medium was removed and cultures were fixed with 70% ethanol, stained with Giemsa solution, washed, and air dried. Virus-induced CPE was recorded microscopically, and the viral titer was quantified according to the method of Reed and Muench (41) . Viral titers were expressed as cell culture 50% infectious dose (per milliliter).
Isolation of BPIP-resistant BVDV. BPIP-resistant (BPIP r ) virus was generated by culturing wild-type BVDV in MDBK cells in the presence of increasing concentrations of the compound. After 3 days of incubation, cultures were freeze-thawed. Lysates of infected and treated cultures that exhibited a cytopathic effect under drug selection were used to infect new cell monolayers. These were further incubated in the presence of higher concentration of the compound. The procedure was repeated (12 passages) until drug-resistant virus was selected. The putative drug-resistant viruses were plaque purified twice in the presence of 10 g/ml of BPIP.
Introduction of the F224S mutation in a BVDV infectious clone. Introduction of the F224S mutation (TTC to TCC) in the NS5B gene in pNADLp15a and generation of infectious viral particles was carried out essentially as described previously (50) .
RNA isolation. Viral RNA was isolated from cell culture supernatant using the QIAamp viral RNA minikit (QIAGEN, Venlo, The Netherlands). Total cellular RNA was isolated from cells using the RNeasy minikit (QIAGEN).
RT-qPCR. A 50-l RT-quantitative PCR (qPCR) reaction contained TaqMan EZ buffer (50 mmol/liter Bicine, 115 mmol/liter potassium acetate, 0.01 mmol/liter EDTA, 60 nmol/liter 6-carboxy-X-rhodamine, and 8% glycerol, pH 8.2; Applied Biosystems, Nieuwerkerk, The Netherlands), 200 mol/liter dATP, 200 mol/liter dGTP, 200 mol/liter dCTP, 500 mol/liter dUTP, 300 nmol/liter forward primer (5Ј-TGA GCT GTC TGA AAT GGT CGA TT-3Ј), 300 nmol/liter reverse primer (5Ј-AGA AAT ACT GGG TCA TCT GAT GCA A-3Ј), 300 nmol/liter TaqMan probe (6-carboxyfluorescein-CGA AGC AGG TTA CCA AGG AGG CTG TTA GGA-6-carboxytetramethylrhodamine), 3 mmol/liter manganese acetate, 0.5 U AmpErase uracil-N-glycosylase (UNG), 7.5 U rTth DNA polymerase, and template BVDV RNA. Following initial activation by UNG at 50°C for 2 min, the RT step was performed at 60°C for 30 min, followed by inactivation of UNG at 95°C for 5 min. Subsequent PCR amplification consisted of 40 cycles of denaturation at 94°C for 20 s and annealing and extension at 62°C for 1 min in an ABI 7000 sequence detector. All samples were analyzed in three replicate reactions.
Sequencing. PCR fragments that cover the entire BVDV genome were generated and analyzed using the cycle-sequencing method (ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction kit). Both DNA strands were sequenced. Sequence data were obtained using an ABI 373 Automated Sequence Analyzer (Applied Biosystems), and sequences were analyzed using the Vector NTI software package (Invitrogen, Merelbeke, Belgium).
RC assay. The RC assay was essentially similar, as published by Sun and colleagues (47) . In brief, BVDV-infected MDBK cells were suspended in icecold hypotonic buffer A (10 mM Tris-HCl [pH 7.4], 1.5 mM MgCl 2 ) and were incubated for 30 min on ice, after which they were further disrupted by 20 strokes with a Dounce homogenizer. The disrupted cells were pelleted by centrifugation at 1,000 ϫ g for 5 min at 4°C. The supernatant fraction, containing cytoplasmic material and plasma membranes, was concentrated by high-speed centrifugation at 200,000 ϫ g for 30 min at 4°C. The pellet was resuspended in 120 l of buffer B (10 mM Tris-HCl [pH 8.0], 10 mM NaCl, 15% glycerol) and used for an RNA polymerase assay. Replicase reactions were carried out in a total volume of 50 l in 50 mM HEPES (pH 8.0), 50 mM potassium acetate, 3 mM MgCl 2 , 10 mM dithiothretol, 5 mM creatine phosphate, 25 g/ml creatine phosphokinase, 1 mM ATP, 0.5 mM GTP, 0.5 mM CTP, 40 M UTP, 10 Ci of [␣-
33 P]UTP (3,000 mCi/mmol) (Amersham, Uppsala, Sweden), 40 U of RNasin (Promega), and 20 l of the membrane preparation. Following incubation at 30°C for 1 h, the reactions were stopped by adding sodium dodecyl sulfate up to 1% and extracted twice with phenol-chloroform. The RNA products were precipitated in ethanol and analyzed on a 0.6% denaturing glyoxal-agarose gel. Radioactivity incorporated into virus-specific RNA was quantitated using ImageQuant software for the Storm 820 PhosphorImager (Amersham) and expressed as % replication ϭ (density sample/density of untreated control) ϫ 100.
RNA-dependent RNA polymerase reaction. BVDV (strain NADL) RdRp was expressed and purified as described before (57) . The purified BVDV polymerase (100 nM) was mixed with 100 M GTP (containing 8
ammonium formate, and dried. Radioactivity bound to the filter was determined by liquid scintillation counting. The assay was also carried out as described above except that the poly(C) template was replaced by either oligo(dT)/poly(A), oligo(G)/poly(C), or an artificial hairpin (this is, an RNA transcript that encompasses nucleotides 1,768 to 2,016 of the sequence with accession number AF305422).
Computational docking. The published X-ray structure of the BVDV RdRp by Protein Data Bank (PDB) entry 1S48 (9) was used in all docking experiments. Selenium atoms in the selenomethionine residues were modified back to S atoms to get methionine residues. Explicit hydrogen atoms were added to the enzyme and inhibitor structures using Reduce (55) . The inhibitor BPIP was drawn using Macromodel 5.0 (36). The molecular geometry was optimized in the Amber force field (54) and saved as a PDB file. This file was fed into Gamess for geometry optimization using the AM1 force field (42). The PDB file was then converted to mol2 files using Babel. The position of atom CZ in F224 in the published PDB file 1S48 was used as the center of the docking sphere with a sphere radius of 6.0 Å. Because there is no clear cavity in the neighborhood of F224, the "detect cavity" option was turned off. Default settings were used in Gold for all dockings (22, 23) . The structures in the top 50 of the docking scores were retained for visual inspection and analysis. One docked BPIP conformation was retained for further analysis. Criteria to withhold this docked complex were stacking interaction with the F224 phenyl ring, hydrogen bonding, and hydrophobic interactions. Molecular energy optimization of docked complex was carried out using the Amber software. This complex was energy-minimized using the Amber 8.0 software (37) . The Amber ff03 force field (11) was used for all polymerase atoms. The BPIP inhibitor parameters and atomic charges were from the general Amber force field by running the Antechamber program (53) . The complex was then relaxed by a short energy minimization (500 steps) in the Sander program. The nonbonded cutoff was set to at least 12 Å. Then a further energy minimization of 5,000 steps was performed on the inhibitor and all residues having atoms within a 15 Å distance from an inhibitor atom.
Intracellular metabolism of BPIP. MDBK cell cultures were incubated for 10 h with 55 M BPIP. Then cultures were washed three times with PBS. Cells were trypsinized and resuspended in PBS, and equal volumes of cell suspension and ethyl acetate were combined. Samples were vortexed three times for 30 s, and the aqueous phase was snap frozen in an ethanol dry ice mixture. The organic phase was transferred to a new centrifuge tube, and the ethyl acetate was evaporated in a vacuum centrifuge at 40°C for 1 h. Prior to detection, samples were dissolved in 50% methanol. Separation and analysis were carried out using a capillary liquid chromatograph (CapLC; Waters, Milford, MA) connected to a Q-Tof-2 mass spectrometer (Micromass, Manchester, United Kingdom). Samples were separated on a reverse-phase column (XTerra column 0.32 ϫ 50 mm, Waters) with a gradient of 0.1% formic acid and acetonitrile at a flow rate of 5 l/min. This setup has a dynamic range of over 3 orders of magnitude, allowing the detection of the presence of less than 0.1% impurities and metabolites.
growth assay in MDBK cells as a highly selective inhibitor of BVDV (strain NADL) replication. The EC 50 as assessed by monitoring CPE reduction by the MTS method was 0.04 Ϯ 0.01 M. The compound inhibited virus-induced CPE formation in a dose-dependent way (Fig. 1A) . To confirm the anti-BVDV activity of BPIP, the effect of the compound on viral RNA synthesis (Fig. 1B) and on infectious viral yield was determined (Fig. 1C) . Overall, the pattern of inhibition of viral RNA synthesis and infectious virus yield were very similar (Fig. 1A, B, and C) . The EC 50 for inhibition of viral RNA production in culture supernatant was 0.12 Ϯ 0.02 M and for inhibition of infectious virus yield was 0.074 Ϯ 0.003 M. BPIP also inhibited the replication of four other BVDV-1 strains (of which two were NCP strains and two were CP strains), as well as a BVDV-2 CP strain (Table 2) . Moreover, the compound inhibited the replication of the CSFV (strain Alfort) and the BDV (strain Aveyron) ( Table 2 ). The activity of BPIP against the latter viruses was assessed by an immunohistochemical method. The resulting EC 50 values obtained were three-to eightfold higher than the EC 50 value obtained by means of the other methods (the reason for which is unclear but may be related to overstaining and thus underestimating the antiviral activity). BPIP exhibited an only modest inhibitory effect on GBV-B replication (EC 50 ϭ 17.5 Ϯ 0.7 M) and had no inhibitory effect on the replication of hepatitis C virus subgenomic replicons (genotype 1b) or the yellow fever virus (vaccine strain 17D), a flavivirus ( Table 1 ). The replication of unrelated RNA or DNA viruses (such as respiratory syncytial virus, coxsackievirus B3, herpes simplex virus [types 1 and 2], and human immunodeficiency virus type 1) was not inhibited by BPIP (data not shown). BPIP is relatively noncytotoxic: the concentration that reduced the proliferation of exponentially growing MDBK cells by 50% (CC 50 ) was 80 Ϯ 11 M. (Fig. 1A) . This is almost equal to the solubility limit of 96 M (data not shown). Hence, a selectivity index (against BVDV strain NADL) or the ratio of CC 50 /EC 50 of about 2,000 was calculated.
Intracellular metabolism of BPIP. To study whether intracellular metabolites of BPIP are formed, that may represent, rather than BPIP itself, the active antiviral component, the intracellular metabolism of BPIP in MDBK cells was analyzed. Cellular extracts from MDBK cells that had been treated for 10 h with 55 M BPIP were analyzed by reverse-phase highperformance liquid chromatography connected to a mass spectrometer. Only intact BPIP, but no metabolites or degradation products, could be detected.
Time-of-(drug) addition studies.
To understand at what time during the viral replication cycle BPIP interferes with viral replication, detailed time-of-(drug) addition experiments were carried out. The kinetics of one replication cycle of BVDV was first determined by means of both RT-qPCR and viral yield assay. It was ascertained that a linear correlation exists between extracellular viral RNA and infectious virus yield (R 2 ϭ 0.99). In untreated cells, release of viral RNA ( Fig. 2A) and infectious viral particles ( Fig. 2A) into the supernatant was first detected between 12 and 14 h postinfection; hence, under our experimental conditions, a single cycle of BVDV growth takes an average of 13 h ( Fig. 2A) . As of 6 to 8 h postinfection, a gradual increase of intracellular viral RNA was noted (Fig. 2B ). This rise must coincide with the formation of functional RCs which produce viral RNA. When BPIP was added during the first 8 h postinfection, it resulted in the complete inhibition of extracellular ( Fig. 2C) and intracellular ( Fig. 2C ) viral RNA yield, as detected at 24 h postinfection. A gradual loss in the antiviral efficacy of BPIP was noted when the compound was first added at a time point later than 8 h postinfection.
Isolation and characterization of drug-resistant viruses. BPIP r virus was selected by propagating BVDV (strain NADL) for 12 passages in increasing concentrations (from 0.2 to 27 M) of the drug. The resulting drug-resistant virus pool was plaque purified twice in the presence of a 27 M concentration of the compound. The plaque-purified BPIP r virus proved to be at least a 300-fold less susceptible to the inhibitory effect of BPIP than the parent wild-type strain ( Table 3 ). The resistant virus replicated about as efficiently as the parent wild-type virus. VP32947, which was included as a reference drug, showed crossresistance with BPIP. By contrast, 2Ј-C-methyladenosine, a nucleoside analogue inhibitor of HCV (8, 15 ) that we also found to be active against BVDV, was equally active against the wild type as it was against the BPIP-resistant virus (Table 3) .
Molecular characterization of BPIP-resistant virus. Since the BPIP r virus proved to be cross-resistant with VP32947, the region in which the mutation was found that resulted in resistance against VP32947 was sequenced. By comparing the sequences of this region obtained from six independently isolated BPIP r clones to the parent wild-type strain (GenBank accession no. AJ781045), we identified a T-to-C transition at position 10,863 in the viral RNA. This point mutation resulted in an amino acid change of phenylalanine (F) to serine (S) at amino acid residue 224 in the mature NS5B protein. Subsequently, the remaining part of the nonstructural (NS) region of the genome of BPIP r clones was sequenced. No other mutations were detected throughout the NS region of the genome of the drug-resistant virus.
To confirm that the F224S change in NS5B alone was responsible for the BPIP r phenotype, the mutation was introduced in the infectious clone pNADLp15a of the wild-type virus. RNA transcripts derived from plasmid pNADLp15a/DR were transfected into MDBK cells, and the resulting recombinant BPIP r virus was isolated. Sequence analysis confirmed that this virus indeed carried the F224S mutation. Akin to the original selected BPIP r virus, the recombinant BPIP r virus was resistant to the inhibitory effects of BPIP and VP32947 but remained sensitive to the antiviral activity of 2Ј-C-methyladenosine (Table 3) .
In vitro RdRp assay. BPIP, VP32947, and the nucleotide analogues 3Ј-dGTP, 2Ј-C-Me-GTP, and 2Ј-O-Me-GTP (included as positive controls) were studied for their effects on the polymerase activity of highly purified BVDV RdRp by using poly(C) as a template. BPIP had no, and VP32947 only a minor, effect on the activity of the viral polymerase (Fig. 3) . The 50% inhibitory concentrations for BVDV polymerase activity were Ͻ1 M for 3Ј-dGTP, ϳ1 M for 2Ј-C-Me-GTP, and between 5 and 10 M for 2Ј-O-Me-GTP. The effect of BPIP on the purified BVDV RdRp was further assessed using various RNA templates [oligo(dT)/poly(A), oligo(G)/poly(C), and an artificial hairpin]. No significant inhibition by BPIP of the activity of the viral polymerase was noted when these other templates were used (data not shown).
Viral replicase complex assay. Because BPIP did not inhibit the activity of the purified BVDV RdRp, the effect of the compound on viral RCs, isolated from MDBK cells that had been infected with the wild-type virus, was studied. BPIP almost completely inhibited the activity of the BVDV RCs over a concentration range of 0.5 to 10 M (Fig. 4A, B) . In contrast, BPIP had only a weak inhibitory effect on the activity (maximum 50% at concentrations as high as 10 M) of RCs isolated from MDBK cells that had been infected with the laboratoryselected BPIP r virus (Fig. 4A, B) . Computational docking of BPIP in the BVDV RdRp crystal structure. Molecular modeling revealed that F224 is located at the tip of the finger domain of the BVDV polymerase. Docking of BPIP to the BVDV RdRp and performing a Ligplot/HBPlus analysis (34, 52) (Fig. 5C ) on the docking complex revealed possible interactions between the polymerase and BPIP. One possible interaction was in agreement with our hypothesis that this inhibitor should bind close to the F224 residue. Through this analysis (Fig. 5A, C) , the following interactions were suggested: (i) a stacking interaction between the imidazo[4,5-c]pyridine ring system of BPIP and F224, the average distance between both aromatic systems is about 3.5 Å, (ii) hydrophobic contacts of the inhibitor with A221, A222, and F224, and (iii) a hydrogen bond between N3 of the imidazole ring in BPIP with the backbone oxygen of residue F224 (distance, 3.27 Å). No specific interaction of the inhibitor's Br atom with the enzyme emerged from this analysis.
DISCUSSION
A small molecule (BPIP) was identified (following lead optimization) as a highly selective and potent in vitro inhibitor of the replication of pestiviruses. The compound proved highly active against both cytopathic and noncytopathic biotypes of BVDV-1 and BVDV-2 as well as against other members of the genus Pestivirus, i.e., classical swine fever virus and border disease virus.
BPIP was inactive against the hepacivirus HCV (as assessed in the HCV genotype 1b subgenomic replicon system) and against the flavivirus YFV strain 17D but exhibited moderate activity against GBV-B. However, when the entire series of compounds that were synthesized during lead optimization for anti-BVDV activity were evaluated against HCV, a few molecules were found to inhibit the replication of this virus in the replicon system. Molecules in this series of imidazopyridines could be classified in three groups: (i) compounds solely active against BVDV, (ii) compounds active against both BVDV and HCV, and (iii) compounds active only against HCV. Studies on the structure-activity relationship of the anti-BVDV and anti-HCV series will be reported elsewhere. These data demonstrate for the first time that distinct changes to a class of small molecule inhibitors of pestivirus replication may result in molecules with antihepacivirus activity, despite the fact that the most potent antipestivirus molecules in this series are devoid of anti-HCV activity.
We then further focused on the mechanism of anti-BVDV activity of BPIP. Detailed time-of-(drug) addition studies revealed that the time point at which BPIP exerts its activity coincided with the onset of viral RNA synthesis at about 8 h postinfection. Addition of compound at a time point before the onset of intracellular viral RNA synthesis led to the complete inhibition of viral RNA production, whereas addition at later time points resulted in a gradual loss of antiviral activity. These data suggest that BPIP interferes with the formation or function of the replication complex of the virus. When the genotype of in vitro-generated BPIP r virus was determined, a phenylalanine (F)-to-serine (S) mutation was detected (in six out of six sequenced clones) at position 224 (F224S) of the NS5B, the gene that encodes the viral RNA-dependent RNA polymerase. No other mutations were detected throughout the NS region of the drug-resistant virus.
Introduction of the F224S mutation in a full-length wild-type infectious clone of BVDV (strain NADL) again resulted in the drug-resistant phenotype. This confirms that the F224S mutation indeed is responsible for the resistant phenotype. The phenylalanine residue at position 224 of the RdRp is almost strictly conserved within the genus pestivirus. Only BVDV type 2 carries a tyrosine at this position. BVDV-2 is roughly equally susceptible to BPIP as BVDV-1 and the other pestiviruses. This may not be surprising, as tyrosine and phenylalanine (but not serine) share similar aromatic properties. Interestingly, the antipestivirus compound VP32947, a molecule that has a chemical structure that is very different from that of BPIP, induced the same mutation. In line with this observation, VP32947 proved cross-resistant with BPIP. In contrast, the nucleoside analogue 2Ј-C-methyladenosine was equally effective against both wildtype and BPIP-resistant virus.
Although the drug-induced mutation in the viral RdRp strongly suggests interference with the viral polymerase activity, we were unable to detect inhibition of the highly purified enzyme with BPIP (or with VP32947), even at relatively high concentrations. The fact that two very different compounds induce the same mutation suggests that this amino acid (F224) and its environment play a crucial role in the normal functioning of the BVDV RdRp. The viral polymerase assay was validated by demonstrating that 2Ј-C-Me-GTP (the 5Ј-triphosphate metabolite of 2Ј-C-methyl-guanosine, an analogue of 2Ј-C-methyl-adenosine) and related molecules inhibited the BVDV RdRp activity. The lack of activity of VP32947 against BVDV polymerase we observed is consistent with results obtained by King and coworkers (24) . However, within the cell, BVDV NS5B functions in the context of membrane-bound RCs that consist of several virus-encoded proteins, host proteins, and various forms of viral RNA (47, 49) . We therefore evaluated the effect of BPIP on RCs isolated from MDBK cells that had been infected either with wild-type virus or with the mutant F224S virus. BPIP effectively inhibited the function of the wild-type RC but not that of the mutant RC. A possible explanation for the lack of activity of BPIP on the purified polymerase may therefore be that the compound, following its interaction with NS5B, disturbs the formation/stability/function of the replication complex. Although neither we nor King et al. (24) detected inhibition of the activity of the highly purified polymerase of BVDV NS5B by VP32947, Baginski and coworkers did observe inhibition of the viral polymerase by VP32947 (2) . It should be noted, however, that low template concentrations were used in their assay and that the 50% inhibitory concentration for the viral polymerase was 35-fold higher (700 nM) than the EC 50 for inhibition of viral replication (2). These authors also speculated that VP32947 may disturb an interaction of NS5B within the BVDV replication complex.
The crystal structure of the RNA-dependent RNA polymerase of BVDV was recently reported (9) . The BVDV polymerase shares several structural characteristics with the RdRp of HCV (1, 5, 9, 29) . The F224S mutation responsible for resistance to BPIP and VP32947 is located in a turn in the finger domain between two beta-sheets of the BVDV RdRp. The corresponding region in the HCV RdRp is believed to be involved in finger flexibility for template/product translocation (26) , dimerization of the RdRp in the replication complex, or protein-protein interactions (10, 38) , enabling the assembly of an active replication complex.
Computational docking of BPIP to the BVDV RdRp suggested that there were a limited number of interactions between the inhibitor and the polymerase. Hypothetical binding of the inhibitor to the polymerase could result in reduced finger flexibility or impairment of the ability of the polymerase to translocate its template/product during polymerization. Another possibility could be that the 4-bromophenyl moiety influences the entrance of the template RNA in the templatebinding channel. It should be mentioned, however, that computational modeling does not provide hard evidence that the modeled interactions do indeed occur in vivo. If BPIP binds to the RdRp, there is, however, no evidence that this results in an allosteric inhibition of the highly purified polymerase or a reduction of its template-binding capability. Recently, it was shown that the generation of cocrystals with VP32947 was hampered by a dimer interface near the putative binding site of VP32947 in the BVDV RdRp crystal (9) . The authors suggested that this dimer could play a significant role in the replication complex. Furthermore, it was suggested that the top of the fingers domain may be a protein-binding site important for interaction with other proteins of the replicase complex. BPIP could possibly prevent the interactions between different proteins of the replication complex. It will now be important to study whether the BPIP analogues that exhibit anti-HCV activity result in drug-resistant mutations at a comparable/homologous position in the HCV RdRp.
In conclusion, we report here on a highly potent and selective inhibitor of the replication of pestiviruses. Structural analogues of this molecule also exhibit anti-HCV activity. It is intriguing that this compound, although very different in chemical structure, appears to possess a similar mechanism of action as VP32947 (2) , suggesting that the site of the polymerase with which these two compounds interact may be crucial for the functioning of the polymerase and the viral replication complex. The present study contributes to the understanding on how the polymerases of Flaviviridae can be targeted by specific inhibitors.
